Proteins from herpes simplex virus (HSV)-infected cells were used to reconstitute DNA synthesis in vitro on a preformed replication fork. The preformed replication fork consisted of a nicked, double-stranded, circular DNA molecule with a 5' single-strand tail that was noncomplementary to the template. The products of DNA synthesis on this substrate were rolling-circle molecules, as demonstrated by electron microscopy and alkaline agarose gel electrophoresis. The tails contained double-stranded regions, indicating that both leading-and lagging-strand DNA syntheses occurred. Rolling-circle DNA replication was dependent upon HSV DNA polymerase and ATP and was stimulated by a crude fraction containing ICP8 (HSV DNA-binding protein). Similar protein fractions from mock-infected cells were unable to support rolling-circle DNA replication. This in vitro DNA replication system should prove useful in the identification and characterization of the enzymatic activities required at the HSV replication fork.
Proteins from herpes simplex virus (HSV)-infected cells were used to reconstitute DNA synthesis in vitro on a preformed replication fork. The preformed replication fork consisted of a nicked, double-stranded, circular DNA molecule with a 5' single-strand tail that was noncomplementary to the template. The products of DNA synthesis on this substrate were rolling-circle molecules, as demonstrated by electron microscopy and alkaline agarose gel electrophoresis. The tails contained double-stranded regions, indicating that both leading-and lagging-strand DNA syntheses occurred. Rolling-circle DNA replication was dependent upon HSV DNA polymerase and ATP and was stimulated by a crude fraction containing ICP8 (HSV DNA-binding protein). Similar protein fractions from mock-infected cells were unable to support rolling-circle DNA replication. This in vitro DNA replication system should prove useful in the identification and characterization of the enzymatic activities required at the HSV replication fork.
Herpes simplex virus type 1 (HSV-1) contains a linear double-stranded DNA genome of 152 kilobases, the complete sequence of which has been determined (29) . The viral DNA is replicated in the nuclei of infected cells, and the newly replicated DNA is found in large concatemeric structures (17) . There is some evidence suggesting that defective interfering particles, which exist as head-to-tail concatemers of a short region of the HSV genome (including the origin of replication), replicate via a rolling-circle (r.c.) mechanism (3, 14) . HSV induces amplification of integrated simian virus 40 DNA in transformed cell lines, generating large, tandemly reiterated simian virus 40 DNA molecules that probably arise via r.c. DNA replication (27) . However, the mechanistic details of the replication process in vivo are still unclear.
Three approaches have been used to identify HSV-encoded proteins involved in DNA replication. Extracts from infected cells have been assayed for virally encoded biochemical activities that, in other systems, have been shown to be involved in DNA replication. These include DNA polymerase (pol) (38, 46) , a single-stranded (ss) DNA-binding protein (2, 37) , an origin-binding protein (13) , thymidine kinase (19) , ribonucleotide reductase (11) , alkaline exonuclease (31) , dUTPase (7, 48) , and a number of uncharacterized DNA-binding proteins (2, 4) .
Two genetic approaches have been used to identify genes that are essential for viral DNA replication. Temperaturesensitive mutants that are defective in viral DNA replication at the nonpermissive temperature fall into seven complementation groups (28, 41, 47) . The second genetic approach is based on transient replication of transfected origin-containing plasmids in the presence of cloned HSV DNA fragments (9) . This has resulted in the identification of seven HSV genes that are essential for transient replication of HSV origin-containing plasmids (genes UL5, UL8, UL9, UL42, UL52, pol, and ICP8) (49) . These genes correspond to the seven complementation groups discussed above. The protein products of these genes have been established. They are DNA pol (UL30) (39) , an ssDNA-binding protein (ICP8 or * Corresponding author. UL29) (9) , an origin-binding protein (UL9) (13, 35) , a 65-kilodalton DNA-binding protein (UL42) (36) , and a helicaseprimase complex containing UL5, UL8, and UL52 gene products (12) . Transfection of simian virus 40-transformed cells with six of these essential HSV replication genes (UL9 was not required) was sufficient to induce amplification of integrated simian virus 40 DNA (16) .
After initiation of DNA replication at an origin, one or two replication forks (uni-or bidirectional DNA replication) are established and advance along the template. The replication fork is asymmetric, containing a leading strand and a lagging strand. The functional result of this is that the DNA pol on the leading strand is highly processive, while that on the lagging strand recycles during the synthesis of successive Okazaki fragments. In procaryotes, the multiple proteins interacting at the replication fork are probably assembled into a complex, termed a replication machine by Alberts (1) and a replisome by Kornberg (20) 41) , and DNA primase (product of gene 61) (1) .
To better understand the protein-protein and protein-DNA interactions that occur at the replication fork, artificial replication forks have been constructed in vitro and used to examine the mechanisms of DNA replication with Escherichia coli and bacteriophages T7 and T4 (8, 30, 32) . We constructed such an artificial replication fork to examine the elongation step of HSV DNA replication in vitro and identify the protein components involved. mer) (32) Lechner and Richardson (23) .
Preformed replication forks (PFs) were synthesized as described by Nakai and Richardson (32) . Briefly, the oligonucleotide [poly(dA-dC) or the 50-mer] was annealed to M13mp6 DNA at a primer-template ratio of 3:1 to 5:1 and then extended with T7 DNA pol (20 The cleared supernatant was diluted to 0.7 M NaCl with PC buffer (20 mM HEPES, pH 7.6, 2 mM 2-mercaptoethanol, 0.2 mM EDTA, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 5 ,g of leupeptin per ml, 0.7 ,ug of pepstatin A per ml, NaCl as indicated) and applied to a 5-ml DEAEcellulose column (Whatman, Inc., Clifton, N.J.) that had been equilibrated with PC buffer containing 0.7 M NaCl. The flowthrough was dialyzed against PC buffer, 0.4 M NaCl, and then 0.15 M NaCl (over 16 h) and applied to a 3-ml phosphocellulose column (Whatman) that had been equilibrated with PC buffer containing 0.15 M NaCl. The flowthrough (PCFT) was collected, the column was washed with PC buffer-0.15 M NaCl (6 ml), and the bound protein was eluted with 12-ml steps of 0.4 and 0.8 M NaCl in PC buffer. The pooled 0.4 M NaCl eluate (which contained 24 mg of protein and HSV DNA pol activity) was diluted with PC buffer (20% glycerol) until its conductivity was equivalent to that of PC buffer containing 0.25 M NaCl (total volume, 12 ml) and applied to a 2.5-ml heparin-Sepharose column (Pharmacia LKB) that had been equilibrated with PC buffer containing 0.25 M NaCl and 20% glycerol. The column was washed with 5 ml of equilibrating buffer, and protein was eluted with 10-ml steps of 0.5 and 0.9 M NaCl in PC buffer containing 20% glycerol. The 0.5 M eluate (containing 11 mg of protein and HSV DNA pol activity) was dialyzed against 1 liter of PC buffer containing 0.15 M NaCl and 25% glycerol and applied to a 1-ml ssDNA-cellulose column (Sigma) that had been equilibrated in the same buffer. The column was washed and eluted with a 16-ml linear gradient of 0.15 to 0.6 M NaCl in PC buffer containing 25% glycerol. HSV DNA pol eluted between 0.25 and 0.3 M NaCl. The fractions containing HSV DNA pol activity (1.5 mg of protein) with a specific activity of 3.6 x 105 U/mg (1 U equal: 1 pmol of DNA synthesis in 10 min at 37°C) were pooled (DNAP.01) and used in all of the experiments described. The partially purified fractions varied from preparation to preparation in the ability to synthesize on the PFs, in a fashion that was not related to the specific activity of HSV DNA pol.
Mock-infected extracts were prepared as were virusinfected extracts, except that phosphate-buffered saline was applied to the cells in place of HSV-1 during infection. The preparation used in these experiments contained nuclei from approximately 1.5 x 109 cells. Fractionation followed the scheme outlined above for the infected-cell extract, except that the fractions were pooled on the basis of protein concentration. The phosphocellulose-0.4 M NaCl eluate contained 4 chased from New England BioLabs, Inc. Beverly, Mass., and used as described by the manufacturer. Mung bean nuclease was purchased from Stratagene and used in the buffer provided.
Gel electrophoresis. The purified DNA samples were examined by alkaline electrophoresis through a 0.7% agarose gel (Bio-Rad) in 30 mM NaOH-1 mM EDTA at 2 V/cm for 20 to 25 h. After electrophoresis, the gels were neutralized with 89 mM Tris-borate and stained with ethidium bromide. The gels were dried, and autoradiographs were obtained after exposure of Kodak X-Omat AR film at -80°C with a Du Pont intensifying screen. Native gels were 0.8% agarose in 40 mM Tris-acetate-1 mM EDTA. Analysis of the PFs (PFoligo) by electron microscopy indicated that most of the molecules were circular. No circles with tails were observed (the ss tail was too short to visualize by electron microscopy) (Fig. 2B) . These results demonstrated that the products obtained contained the structure of PFs.
Isolation of HSV-infected-cell extracts. Nuclei from HSV-1 infected Vero cells were isolated, and the proteins were extracted with a high salt concentration. Crude extracts contained a large amount of nuclease activity that made them unacceptable for use with the PFs. These extracts were fractionated further to remove the nuclease activity, to concentrate the DNA synthetic activity, and potentially to isolate multiple factors involved in DNA replication on the PFs.
The high-salt nuclear extract was passed over a DEAEcellulose column to remove residual nucleic acids. This was followed by a phosphocellulose column (Fig. 3) , with which three fractions were isolated. About a quarter of the protein did not bind to the phosphocellulose column, including ICP8 (identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and silver staining; data not shown). HSV DNA pol eluted in the 0.4 M NaCl fraction, as did HSV thymidine kinase and UL5 protein (data not shown). Most of the topoisomerase activity eluted in the 0.8 M NaCl fraction, including both topoisomerase types I and II. This fraction was not stimulatory to DNA synthesis on the PF.
HSV DNA pol was purified further by column chromatography with heparin-Sepharose and ssDNA-cellulose, resulting in about a 35- was used in all of the experiments described. This fraction had DNA-dependent ATPase activity (-6 x 104 pmol of ADP per mg of protein per 45 min at 37°C; data not shown) and contained HSV proteins UL5, UL52, and UL42 as determined by Western blot (immunoblot) analysis with antibodies to the proteins (data not shown). UL5, UL8, and UL52 proteins have been purified by Crute et al. (12) as a complex that has helicase and primase activity, and it is likely that they existed as such in these extracts.
DNA synthesis on the PF. The 32P-labeled products of DNA synthesis on the PFs were analyzed by alkaline agarose gel electrophoresis (Fig. 4 and 5) . They fell into the following four classes: (i) DNA molecules that were longer than template length (ss) that seemed to have paused or stopped at lengths approximately two and three times that of the template (-14 and 21 kilobases), (ii) unit length DNA molecules (ss) that were probably labeled at the 3' end of the forked circle by the concerted action of the exonuclease and pol activities of HSV DNA pol, (iii) DNA molecules that migrated as denatured closed circular DNA (RF), (iv) DNA molecules that were shorter than template length and may have been due to lagging-strand DNA synthesis. The formation and labeling of RFI molecules indicated the presence of DNA ligase in the ssDNA-cellulose fraction. The formation of a 68-kilodalton protein-[32P]AMP complex (data not shown) suggests that this was probably DNA ligase 11 (44) .
We isolated extracts from mock-infected cells and frac- 12 5 0.8 M tionated them like the virally infected cells. Analysis of equivalent protein amounts from the heparin-Sepharose 0.5 M NaCl eluate demonstrated that the high-molecular-weight DNA was synthesized only with protein from the infectedcell extract (Fig. 4, lanes 4 and 5) . The DNA present after the reaction, visualized by ethidium bromide staining of the agarose gel, was virtually the same with mock-infected-and infected-cell extracts (Fig. 4, lanes 2 and 3) , including the presence of RFI molecules.
The formation of four classes of labeled molecules was also seen when PFs containing poly(dA-dC) as the 5' tail were used (Fig. 5) . The amount of high-molecular-weight (longer that unit length) material increased with increasing amounts of protein (Fig. 5, lanes 1 to 3) and was further stimulated by addition of the PCFT (Fig. 5, lane 4) . Kinetic analysis of DNA synthesis demonstrated increasing accumulation of high-molecular-weight DNA (to sizes greater than 40 kilobases) with increasing time, as well as an increase in the sizes of the labeled products for at least 160 min (Fig. 6) .
To determine the precursor-product relationship between the PF and the high-molecular-weight DNA, the PFs were labeled during preparation. DNA synthesis on these prelabeled PFs was then performed with cold deoxynucleoside triphosphates, and the products were analyzed by alkaline agarose gel electrophoresis. This experiment demonstrated that the high-molecular-weight material was derived from the synthesized strand of the PF. Accumulation of highmolecular-weight material at a position corresponding to about twice the size of the template occurred before that of - the higher-molecular-weight material (three times the size and larger) (Fig. 7) . Accumulation of these high-molecularweight species may have been due to pausing of DNA synthesis on the PF after traversal of the template. Determination of the sizes of such large DNA molecules on these gels is very imprecise, and therefore it was not possible to determine the exact position on the template where pausing occurred.
The different regions of the dried gel from a similar experiment were cut out and counted (Fig. 7B) . Formation of double-stranded closed circular DNA molecules (RF) occurred rapidly, such that by 45 min the proportion of molecules being converted was complete at about 10%o. There was a lag (of about 45 min) in the accumulation of high-molecular-weight material, products of rolling circle (r.c.) DNA synthesis on the PFs, and then conversion was linear for at least 2 h.
We examined the effects of various nucleases on the high-molecular-weight DNA to verify that the products were due to r.c. DNA synthesis. DNA was isolated after 2 h of incubation of prelabeled PFs with HSV proteins as described in Materials and Methods (Fig. 8, lane 1) . This DNA was treated with restriction endonuclease MboI, which cleaves only fully unmethylated double-stranded DNA (the PF is hemimethylated and therefore resistant to cleavage), resulting in the disappearance of much of the labeled highmolecular-weight DNA (Fig. 8, lane 2) . Some of the material running at the position of closed circles (RF) was also cleaved by MboI, suggesting that repair synthesis occurred during closure of the PF. The DNA was also cleaved with Sau3Al, an isoschizomer that is unaffected by methylation, which cleaved all of the labeled products (Fig. 8, lane 3) . DNA synthesis on the lagging strand would cause the displaced, labeled tail to be at least partially doublestranded. The high-molecular-weight DNA was also susceptible to cleavage by mung bean nuclease, an ss-specific DNase, demonstrating that the displaced tail was partially ss, as expected for r.c. DNA synthesis.
Electron microscopic analysis of r.c. DNA synthesis. The products of DNA synthesis on the PF after 2 h of synthesis were isolated and examined by electron microscopy. The following five different types of structures were observed: (i) relaxed circular DNA molecules (probably PFs), (ii) circular DNA molecules supercoiled to various degrees (RF); (iii) linear molecules of about unit length, (iv) branched molecules (which may have been broken r.c.s) (Fig. 9A, panel c) , and (v) r.c. molecules with tails of various lengths (Fig. 9A,  panels a, b, d , e, and f). Analysis of 405 circular molecules revealed that 9% were r.c.s, 52% were relaxed circles (probably PFs), and 32% were circles with crossovers (some of which were likely closed circles). The lengths of the tails on these r.c.s ranged from very small to over twice the template length (Fig. 9B) . In this analysis, the tails were mostly double stranded, as ss tails would have collapsed and been difficult to see (Fig. 2B, inset) . The high proportion of molecules with double-stranded tails (as well as the MboI data) demonstrated that DNA synthesis occurred on the lagging strand.
Requirements for r.c. DNA synthesis. R.c. DNA synthesis was completely dependent upon the presence of ATP, as was the formation of closed circular (RF) molecules (Fig. 10,  lane 3) . Neither GTP, a substrate for HSV helicase-primase (12), nor AMP-PNP, a nonhydrolyzable analog of ATP, could substitute for ATP (Fig. 10, lanes 5 and 8) . Addition of phosphonoacetic acid at levels that inhibited about 75% of the HSV DNA pol activity, dideoxy-GTP at levels that inhibited about 35% of the HSV DNA pol activity, or ZnCl2 at levels that inhibited >90% of the HSV DNA pol activity
J. VIROL. similarly inhibited r.c. DNA synthesis (Fig. 10, lanes 2, 6,  and 7 ). The role of HSV DNA pol was further examined by using acyclovir triphosphate. Total incorporation and incorporation into r.c.s were similarly inhibited by acyclovir triphosphate (Fig. 11) , and the 50% inhibitory concentration of approximately 1.6 ,uM is very similar to that reported by Matthews et al. (26) .
The MgCl2 optimum for r.c. DNA synthesis was 8 mM, with a rather broad profile that was very similar to that for total incorporation (data not shown). NaCl was inhibitory to total incorporation, but r.c. DNA synthesis was much less sensitive, with an optimum at about 65 mM (Fig. 12) . Consequently, the proportion of incorporation into highmolecular-weight DNA (%r.c.) increased with increasing NaCl to a maximum at 105 mM (Fig. 12) . Purified HSV DNA pol was stimulated by high salt concentrations (>150 mM) on activated DNA templates (34, 38, 46) ; however, on ss circular DNA templates, activity was maximal between 60 and 90 mM NaCl (34) . It is possible that protein-protein interactions at the replication fork protect the complex from salt. DISCUSSION In this report, we described the use of an artificial PF to study HSV DNA replication in vitro. A number of basic enzymatic reactions occur at a replication fork during elongation of a duplex DNA molecule: unwinding of the duplex in front of the replication fork to enable synthesis by DNA pol, primer synthesis to initiate Okazaki fragments for lagging-strand synthesis, and incorporation of nucleotides into both leading and lagging strands by DNA pol. A number of in vitro studies have been carried out with procaryotic systems, such as E. coli and bacteriophages T7 and T4, to examine the multiple protein interactions that occur at the replication fork. These studies have provided a foundation for the establishment of such a replication system in eucaryotes and in particular, as described here, with HSV.
On the basis of our current knowledge of HSV replication, HSV exhibits many similarities to bacteriophage T7. It has multiple origins of DNA replication on a linear duplex DNA molecule (40, 42) (32) and distinct from the DNA pol a-primase complex found in eucaryotic cells (25) . DNA pol is in a tight complex with a second protein (HSV UL42 protein [15] and in T7 thioredoxin [43] ) which confers increased processivity on the pol. Both viruses encode their own ssDNA-binding proteins that interact specifically with other virally encoded replication proteins (33, 45) . HSV DNA synthesis in vitro at PFs. In these studies, we used two types of oligonucleotides as primers in the construction of the PF, one a random heteropolymer, poly(dAdC), and the other a synthetic 50-mer. Both behaved similarly. The proteins used were partially purified fractions from HSV-infected cells. Similarly partially purified proteins from mock-infected cells were unable to support r.c. replication on these substrates, demonstrating that the activity required HSV-encoded or -induced proteins. A fraction from an ssDNA-cellulose column containing HSV DNA pol and at least HSV proteins UL5, UL52, and UL42 was able to support DNA synthesis on the PF. This synthesis was dependent upon HSV DNA pol, as demonstrated by its inhibition by phosphonoacetic acid, dideoxy-GTP, ZnCl2, and acyclovir triphospate. Hydrolyzable ATP was essential for r.c. replication, as well as formation of double-stranded closed circular molecules. GTP was unable to substitute for ATP, even though the HSV helicase-primase complex has DNA-dependent GTPase activity (it has not been reported whether the helicase activity is able to utilize GTP) (12) . In a number of instances, such as with E. coli rep protein (21) and the E. coli primosome (24) , the nucleoside triphosphate requirements are different for DNA strand separation when proteins are bound at the replication fork than for nucleoside triphosphatase activity on ssDNA. In light of the doublestranded nature of the DNA tail, some of the ATP requirement may be due to the action of DNA ligase.
Kinetic analysis indicated a lag in initiation of r.c. DNA synthesis. This lag could be due to the time required to assemble an active replisome at the PF. It is possible that the structure of this artificial fork is not optimal for HSV proteins; for example, the 5' tail could be too short or the ss region in front of the 3' end of the primer may not be long enough.
DNA synthesis was stimulated by a crude fraction containing HSV ssDNA-binding protein (ICP8), which was absent from the fraction containing HSV DNA pol. This suggests that HSV ICP8 was not required for r.c. synthesis, although it is an essential HSV replication protein (9) . In procaryotic systems (E. coli [30] , T7 [33] , and T4 [8] ), ssDNA-binding protein is not required for leading-strand synthesis. T7 gene 2.5 protein functions to increase greatly the frequency of initiation of lagging-strand synthesis (33), as does T4 gene 32 protein, which also stimulates replication fork formation (8) .
Analysis of the products of DNA synthesis on the PF confirmed that DNA replication occurred via an r.c. mechanism. After DNA synthesis on prelabeled PFs, the highmolecular-weight DNA on alkaline agarose gel electrophoresis was sensitive to MboI, a restriction enzyme that cleaves only unmethylated DNA, as expected for the tails of r.c. molecules (when lagging-strand synthesis occurs). The tails were also sensitive to mung bean nuclease, an ssDNAspecific nuclease. The prelabeled DNA 
